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Summary 
The X&l Chinese hamster ovary cell line is impaired 
in DNA double-strand break repair (DSBR) and in ability 
to support V(D)J recombination of transiently intro- 
duced substrates. We now show that XR-1 cells sup- 
port recombination-activating gene 1- and 2-medi- 
ated initiation of V(D)J recombination within a 
chromosomally integrated substrate, but are highly 
impaired in ability to complete the process by forming 
coding and recognition sequence joins. On this basis, 
we isolated a human cDNA sequence, termed XRCC4, 
whose expression confers normal V(D)J recombina- 
tion ability and significant restoration of DSBR activity 
to XR-1, clearly demonstrating that this gene product 
is involved in both processes. The XRCC4 gene maps 
to the previously identified locus on human chromo- 
some 5, is deleted in XR-1 cells, and encodes a ubiqui- 
tously expressed product unrelated to any described 
protein. 
Introduction 
lmmunoglobulin and T cell antigen receptor variable re- 
gion genes are assembled from germline variable (V), di- 
versity (D), and joining (J) gene segments during early 
lymphoid development by the site-specific V(D)J recombi- 
nation process (for reviews see Alt et al., 1992; Gellert 
and McBlane, 1995; Lansford et al., 1995). V(D)J recombi- 
nation is targeted by conserved recognition sequences 
(RSs) that flank all germline gene segments. Precise scis- 
sions are made at the coding/FE borders, giving rise to 
blunt RS ends and covalently sealed (hairpin) coding ends 
(Roth et al., 1992a, 1992b; Schlissel et al., 1993; Zhu and 
Roth, 1995; van Gent et al., 1995). While blunt RS ends 
are precisely ligated, coding ends are further modified in 
a process that involves hairpin opening followed by dele- 
tion or addition of nucleotides (or both) before ligation. 
Potential additions include P elements (Lafaille et al., 
1989) which are inverted repeats of a few nucleotides 
that arise from hairpin opening, and N regions (Alt and 
Baltimore, 1982) added by terminal deoxynucleotidyl 
transferase (Komori et al., 1993; Gilfillan et al., 1993). 
Simultaneous expression of the recombination-activat- 
ing genes 1 and 2 (RAG7 and RAGE) generates V(D)J 
recombination activity in all tested mammalian cell types 
(Oettinger et al., 1990). RAG gene products are expressed 
only in immature B and T cells (Schatz et al., 1989; Oet- 
tinger et al., 1990) where they effect initial steps of V(D)J 
recombination including RS recognition and specific 
cleavage (Mombaerts et al., 1992; Shinkai et al., 1992; 
van Gent et al., 1995). Subsequent reaction steps employ 
more generally expressed activities, including some in- 
volved in general DNAdouble-strand break repair (DSBR), 
as first suggested from the pleiotropic phenotype of mice 
homozygous for the severe combined immunodeficiency 
(SC@ mutation (Scid mice; for review see Bosma and Car- 
roil, 1991). Scid mice have both V(D)J recombination de- 
fects and a general sensitivity to ionizing radiation (Fulop 
and Phillips, 1990; Biedermann et al., 1991; Hendrickson 
et al., 1991). 
V(D)J recombination and DSBR were directly linked by 
studies of radiosensitive Chinese hamster cell lines (for 
review see Taccioli and Alt, 1995). Somatic cell hybrid 
studies divided such lines into at least eight X-ray cross- 
complementation (XRCC) groups (Jones et al., 1988; 
Jeggo et al., 1991). Groups XRCC4, XRCC5, and XRCC7 
(represented by the XR-1, xrs-6, and V3 cell lines, respec- 
tively), have specific defects in DSBR (Giaccia et al., 1985; 
Jeggo and Kemp, 1983; Whitmore et al., 1989; Blunt et al., 
1995). Upon introduction of RAG1 and RAG2 expression 
constructs, these lines had a profound inability to re- 
arrange extrachromosomal V(D)J recombination sub- 
strates (Taccioli et al., 1993, 1994a). All three lines ap- 
peared to be capable of initiating V(D)J recombination by 
generating breaks between coding and RS sequences 
(Taccioli et al., 1993, 1994a). However, xrs6 and XR-1 
cells were defective in ability to form coding and RS joins 
(Taccioli et al., 1993), whereas V3 cells, like murine Scid 
cells, were preferentially impaired in ability to form coding 
as opposed to RS joins (Taccioli et al., 1994a; Pergola et 
al., 1993). Somatic cell hybrid analyses confirmed that V3 
and Scid fell into the same genetic complementation group 
(Taccioli et al., 1994a). 
The genes affected by the xrs-6 and VBlscid mutations 
encode components of the DNA-dependent protein kinase 
(DNA-PK) complex (for review see Taccioli and Alt, 1995). 
DNA-PK is a serinelthreonine kinase comprised of the 
DNA end-binding subunits Ku70 and Ku80 and a 460 kDa 
catalytic subunit (DNA-PK,,) that phosphorylates a num- 
ber of in vitro targets including transcription factors and 
~53 (for review see Anderson, 1993). DNA-P&, activity is 
dependent on its association with DNA-bound Ku (Gottlieb 
and Jackson, 1993). Xrs-6cells lack Ku DNA-binding activ- 
ity (Rathmell and Chu, 1994a, 1994b; Getts and Stamato, 
1994; Taccioli et al., 1994b) and, as a result, DNA-PK 
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activity(Finnie et al., 1995). Furthermore, thexrsSdefects 
were complemented by expression of a human Ku80 
cDNA construct (Taccioli et al., 1994b; Smider et al., 1994; 
Boubnov et al., 1995), and the human Ku80 gene was 
mapped to the region of the XRCCS locus on chromosome 
2 (Jeggo et al., 1992; Cai et al., 1994). These findings 
identified Ku80 as the XRCCS gene and led to the sugges- 
tion that other DNA-PK components might be defective 
in other DSBR complementation groups (Taccioli et al., 
1994b). Correspondingly, ScidN3 cells were found to be 
defective in expression of the DNA-P&,, and their DSBRl 
V(D)J defects could be complemented by expression of 
the human DNA-PKs gene (Blunt et al., 1995; Kirchgess- 
ner et al., 1995; Peterson et al., 1995). Based on these 
and other findings, the DNA-PK,, gene, which maps to 
human chromosome 8 and to the murine scid locus on 
chromosome 16 (Kirchgessner et al. 1995; Miller et al., 
1995), wasdefinedastheXRCC7gene.Todate, mutations 
of the Ku70 gene (on human chromosome 22; Cai et al., 
1994) have not been observed. 
The nature of the DSBRN(D)J recombination defect in 
XR-1 has remained elusive. XR-1 has a unique cell cycle- 
dependent radiosensitivity, being extremely sensitive in 
Gl and early S but regaining resistance in late S (Stamato 
et al., 1983,1988; Giacciaet al., 1985). While theXR-1 and 
xrs-6 V(D)J recombination defects are similar, measured 
DNAend-binding (Getts and Stamato, 1994; Rathmell and 
Chu, 1994b) and DNA-PK activities (Blunt et al., 1995) 
were normal in XR-1; expression of human Ku80 or DNA- 
Pk, did not correct the XR-1 defect (Taccioli et al., 1994b; 
Blunt et al., 1995). In this regard, DNA from human chro- 
mosome 5ql3-14 has been shown to c,omplement the 
XR-1 DSBRN(D)J recombination defects, and the respon- 
sible gene has been named XRCC4 (Giaccia et al., 1990; 
Taccioli et al., 1993; Otevrel and Stamato, 1995). To eluci- 
date the XR-1 defect further and to identify the XRCC4 
gene, we first characterized the ability of XR-1 cells to 
support inversional V(D)J recombination within a chromo- 
somal substrate. Based on the severe impairment of this 
process, we then isolated the human XRCC4 cDNA clone 
through an approach that involved complementation of 
the XR-1 V(D)J recombination defect. 
Results 
V(D)J Recombination of Integrated 
Substrates in XR-1 
To assess V(D)J recombination potential of integrated sub- 
strates, we stably transfected XR-1 cells and their wild- 
type counterpart 4364 cells with the G12 retroviral vector- 
based inversion recombination substrate (Yancopoulos et 
al., 1990a; Figure 1A). The VK and JK gene segments 
in G12 are oriented for inversional V(D)J recombination; 
normally, this process results in generation of both coding 
and RS joins and the inversion of the intervening xanthine- 
guanine phosphoribosyl transferase gene (gpt). Inversion 
of the gpt gene allows its functional expression from the 
5’long terminal repeat (LTR) promoter, which then confers 
mycophenolic acid (MPA) resistance to the cell. The G12 
construct also contains a constitutive neomycin phospho- 
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Figure 1. Inversional V(D)J Rearrangement of a Chromosomal Sub- 
strate in XR-1 Derivatives 
(A) Configurations of unrearranged and rearranged V-gpt-J-neo frag- 
ment in the G12 inversional recombination construct (Yancopoulos et 
al., 1990a). Triangles indicate the RSs of VKZ~C, JK~, and JK~. Open 
rectangles indicate their coding regions. The neo-hybridizing fragment 
released by BarnHI (E) and EcoRl (E) digestion is 3.3 kb before re- 
arrangement and becomes 2.0 kb and 1.7 kb, respectively, after VK 
toJK1 and VK to JK~ rearrangement. Other restriction enzymeabbrevi- 
ations: X, Xbal; Sm. Smal; S, Sall; H, Hindlll; Bg, Bglll. 
(6) Examples of G 12 rearrangement in wild-type 4364 cells. WTl and 
WT4 were both G12-containing 4364 clones and were further 
transfected with RAG. Genomic DNA from individual RAG transfec- 
tams (HR, see text) was digested with BamHl plus EcoRl and assayed 
by Southern blotting procedures for hybridization to a3*P-labeled neo 
probe. 
(C) Examples of G12 rearrangements in XR-1 cells. XGA (top two 
panels) and XGC (bottom two panels) were G12-containing XR-1 
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transferase (neo) gene, which lies 3’ to the V-J cassette, 
and can be used to select for transfectants. We estab- 
lished two G12containing XR-1 cell lines (XGC and XGA) 
that had integrated approximately 1 and lo-20 copies, 
respectively, of the G12 construct and, as controls, two 
G12-containing 4364 cell lines (WTl and WT4) that had 
integrated fewer than 10 copies of G12. These four cell 
lines were then cotransfected with pSV2-His, pRSVLTR- 
RAG1 , and pRSVLTR-RAG2 to provide V(D)J recombina- 
tion activity (see Experimental Procedures). All histidinol- 
resistant (HR) colonies analyzed (referred to as RAG 
transfectants) contained multiple copies of both RAG con- 
structs, whose expression was confirmed by Northern blot 
analysis (data not shown). 
The rearrangement status of G12 was assessed in RAG 
transfectants by assaying BamHI-EcoRI-digested geno- 
mic DNA for hybridization to a neo probe; under these 
conditions, unrearranged constructs yield a 3.3 kb frag- 
ment and VKJK~ and VKJK~ construct rearrangements 
yield 2.0 and 1.7 kb fragments, respectively (Figure 1A). 
RAG transfectantsfrom wild-type linesgenerallydisplayed 
readily detectable levels of VKJK construct rearrange- 
ments (Figure 1 B), although one (WT4-H*2) had lower lev- 
els (see below). RS joins in these lines were precise, as 
expected in wild-type cells (data not shown). In contrast, 
none of the 49 RAG-transfected XR-1 lines examined 
showed evidence of normal G12 rearrangements, but 
many contained aberrant substrate alterations (examples 
shown in Figure 1C). In fact, similar to WT transfectants, 
many XR-1 RAG transfectants had lost all or much of their 
unrearranged, neo-hybridizing 3.3 kb construct fragment 
(e.g., XGA-HR4, and XGC-HR1). Together, these findings 
indicate that G12 constructs in RAG-transfected XR-1 
cells undergo G12 rearrangements at a substantial rate, 
but that these rearrangements usually are aberrant, with 
many involving large deletions. 
Nucleotide Sequences of the G12 Rearrangements 
in XR-1 Cells 
To elucidate the nature of frequently occurring XR-1 re- 
arrangements further, we rescued G12 constructs from 
the genomic DNA of RAG transfectants (without selection 
for rearrangements) and expanded individual plasmid 
clones in bacteria for subsequent analysis. All recovered 
constructs necessarily contained the neo gene, as the res- 
cuing procedure involved selection of the bacteria for 
growth in neomycin (Figure 2A). Although all recovered 
constructs lacked the internal gpt-containing DNA frag- 
ment that is normally inverted, most retained either the 
clones and were further transfected with RAG. Individual transfectant 
(W) was analyzed as described above. DNA content in each lane was 
normalized by rehybridization to a mouse IV-myc probe. Probes used 
are noted to the left of each panel. 
(D) G12 rearrangements in various CR6 transfectants. CR6 is an XGC- 
derived cell line that has been transfected with pSVP-His and 
pRSVLTR-RAGI. CR6.734.1, CR6.734.2, CR6.734.4, CR6.734.5, 
CR6.734.7. and CR6.734.6 are CR6 derivatives that have been further 
transfected with pPGK-Puro, ~734, and pRSVLTR-RAG2. Analyses 
were performed as described in Figure 1 B 
VK RS, a JK coding segment, or both. In four recovered 
constructs, the VK RS and JK sequences were fused to 
form so-called hybrid joins (Morzycka-Wroblewska et al., 
1988; Lewis et al., 1988). One hybrid join was observed 
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Figure 2. G12Constructs Recovered from RAGTransfectantsofXR-1 
Cells 
(A) Schematic sequences of G12 constructs rescued from RAG 
transfectants (see text and Figure 1A legend) without MPA selection. 
Arrowheads indicate the positions of sequencing primers. Pl , 5’viral; 
P2, NC~YK; P3, NCS’Jrcl; P4, SV40 ori; P5, neo (see Experimental 
Procedures). Cell sources for the rescued constructs are noted to the 
left of each diagrammed construct. XGC2 is another G12containing 
XR-1 transfectant, like XGA and XGC. In each depicted construct, 
spacebetweentwoendscorrespondstothedeletedpartofG12,Nucle- 
otides indicated in this space represent insertions. In the construct 
rescued from the l-is pool of XGCZ. a rectangle with diagonal stripes 
indicates a stretch of inserted sequence derived from the RAG1 3’ 
noncoding region that is part of the pRSVLTR-RAG1 construct. Nucle- 
otide sequences of the joins are available upon request. 
(6) Nucleotide sequences of G12 constructs rescued from MPA- 
selected cells. GL stands for germline sequences. P stands for P ele- 
ments. Underlined nucleotides could be contributed by either joining 
partner and indicate that the joining was possibly mediated by the 
homology stretch of these nucleotides between the two joining part- 
ners. RS joins were sequenced with NCB’VK primer. Bold letters indi- 
cate the heptamer and the nonamer of RS (asterisk indicates that the 
nonamer of the VK RS is not shown). Italics indicates the Sall site, 
which immediately proceeds the 5’ region of the gpt gene. The num- 
bers of base pairs deleted from the Jkl RS end are noted in constructs 
6 and 7. Coding joins were sequenced by Nc3’J~l primer. Construct 
5 was derived from HR/MPAR XGC2 cells, while the remaining con- 
structs were from WlMPAk XGA cells. The nucleotides TACTA be- 
tween the P elements in construct 7 was a nontemplated insertion. 
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in constructs rescued from two independent cell sources 
(XGC2-HR22 and XGA-HR POOL) and may have been pro- 
moted by a 3 bp homology (GTG) at the joined ends. Such 
short homologies (2-5 nt) occurred in 50% of the recov- 
ered joins (nucleotide sequences not shown). Insertions 
also were observed: one represented a 4 bp P element 
and two others were nontemplated, with one involving in- 
sertion of a segment of the pRSVLTR-RAG1 construct. 
In conclusion, all rescued G12 rearrangements from XR-1 
transfectants involved deletion of the portion of the con- 
struct between the VK and JK gene segments that would 
normally be inverted. 
To determine whether inversional rearrangements of 
G12 occurred at low frequency, we selected pools of XR-1 
RAG transfectants for MPA resistance. In two separate 
experiments, MPA selection of lo6 pooled RAG transfec- 
tants for growth in MPA yielded less than ten surviving 
colonies. Hence, the frequency of MPA-resistant cells was 
1 O-5 or lower. In contrast, a large percentage of wild-type 
RAG transfectantswere MPA resistant (e.g., 30% for WT4- 
HR4), consistent with the degree of rearrangement shown 
by Southern blot analysis (see Figure 1 B). Even the wild- 
type transfectant (WT4-HR2) that showed little rearrange- 
ment by Southern blot analysis yielded MPA-resistant 
progeny at a frequency of approximately 2 x lo-*. Taken 
together, these results suggest that the frequency of func- 
tional G12 inversion in XR-1 RAG transfectants is at least 
1000-fold lower than that of wild-type RAG transfectants. 
To analyze low frequency inversional rearrangements 
in XR-1, we rescued G12 constructs from MPA-resistant 
cells. All rescued rearranged constructs harbored inver- 
sions of thegptgene that were achieved by recombination 
between VK and JK~ coding segments and between the 
corresponding RS sequences (Figure 28). The RS joins 
were unusual in that both partners bore deletions (most 
of which were small with a few being as large as 68 bp) 
and each join occurred within a3-4 nt stretch of homology. 
For example, rearrangements 3 and 5 had different coding 
joins but had identical RS joins in which each RS had the 
smallest possible deletion that permitted a homology- 
mediated join. The coding joins appeared grossly normal, 
with roughly normal sized deletions from JK~ and no dele- 
tions from the VK ends. P elements, of 4-6 nt, were present 
at all VK coding ends and at several JK~ ends. 
Complementation of XR-1 Cells 
by a Human cDNA Library 
We have previously shown that the V(D)J recombination 
defect in XR-1 cells can be complemented by introduction 
of human chromosome 5 (Taccioli et al., 1993). Thus, the 
very low frequency of G12 inversion in XR-1 suggested 
the feasibility of cloning a complementing human cDNA 
sequence by using G12 inversion and the resulting MPA 
resistance for selection. For this purpose, we first gener- 
ated from XGC a subclone (CR6) that contained multiple 
copies of pRSVLTR-RAG1 and expressed RAG1 tran- 
scripts at high levels. Subsequently, CR6 was transfected 
simultaneously with human cDNA sequences, pRSVLTR- 
RAG2, and pPGK-Puro (for selection of the secondary 
transfectants). The transfected cDNA sequences had 
been cloned into a shuttle vector that allows both mamma- 
lian expression as well as propagation in bacteria. Before 
transfection, plasmid DNA from approximately 3 x lo5 
cDNA clones was linearized at a unique Sfil site outside 
the expression cassette and then concatemerized to max- 
imize uptake and facilitate subsequent rescue (see below). 
The purpose of transfecting RAG1 and RAG2 separately 
was to prevent rearrangement of the substrate before in- 
Table 1, Analysis of Signal and Coding Joining in CHO Cells by Transient V(D)J Recombination Assay 
pHJ200 (Signal) pHJ290 (Coding) 
AmpRCamR 
Relative Percent Correct 
AmpRCamR 
Cell Line cDNA Plasmid AmpR Percent Level Joins AmpR Percent Level 
4364 (wild type) - (176/2350) 7.5 100 100 ND 
CR6 - (268/60900) 0.4 6 10 ND 
PA1.17 - (308/l 1740) 2.6 35 100 ND 
PA1.lll - (72/I 030) 7.0 93 94 ND 
PA1.119 (158/6120) 2.6 35 80 ND 
4364 - (367/3660) 10 100 100 (643/12050) 5.3 100 
4364 c734 (383/5820) 6.6 66 100 ND 
XR-1 - (63/29100) 0.2 2 20 (6/54150) 0.01 0.2 
XR-1 c734 (575/4630) 12 120 97 (323/5360) 6.0 113 
XR-1 cl931 (190/l 07250) 0.2 2 20 (7/l 53000) <O.Ol <o.io 
CHO-Kl (wild type) - (730/4750) 15 100 100 (144/3470) 4.1 100 
xrs-6 - (78/9500) 0.8 6 7 (25/i 38000) 0.02 0.4 
xrsB c734 (47/6250) 0.8 5 13 (18/103500) 0.02 0.4 
v3 - (328/15300) 2.1 14 60 (32/22650) 0.14 3 
v3 c734 (136/13800) 1 .o 7 43 (3/16050) 0.02 0.5 
Analysis of RS and coding join formation in CHO cells by transient V(D)J recombination assays. The ~734 and cl931 cDNA clones were both 
rescued from the complemented XR-1 cell lines that were transfected with human cDNA PA1 library. ~734 contains the full-length cDNA of the 
putative human XRCC4 gene. All experiments were reproduced at least twice, and presented here are results from one set of experiments. 
Abbreviations: AmpR, ampicillin resistant; CamR, chloramphenicol resistant; ND, not determined. Numbers in parenthesis are the number of 
colonies resistant to the indicated drugs. Relative level was normalized using parental cell lines in each set of experiment. Percent correct joins 
were determined by digestion of the PCR products of recombination substrates pHJ200 with ApaLI. 
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troduction of potentially complementing cDNA sequences. 
Approximately 2000 puromycin-resistant colonies (sec- 
ondary transfectants) were expanded, pooled, and subse- 
quently selected for G12 inversion in MPA. 
Approximately 200 MPA-resistant colonies were ob- 
tained from 1.6 x 1 O6 expanded secondary transfectants; 
of 23 further analyzed by polymerase chain reaction (PCR) 
for cDNA integration patterns, 5 were found to be indepen- 
dent. To identify those that, indeed, had been comple- 
mented, we assayed the 5 selected transfectants for ability 
to rearrange a transientlytransfected V(D)J recombination 
substrate (pJH200), which allows assessment of the fre- 
quencyandfidelityof RSjoins(Hesseetal., 1987). Consis- 
tent with previous observations (Taccioli et al., 1993) the 
parental CR6 mutant exhibited profound deficiencies in 
RS join formation (Table 1). In contrast, three of the MPA- 
resistant lines (designated PAl.17, PA1 ,111, and PA1 ,119) 
displayed a substantial increase in frequency as well as 
fidelity of RS join formation (Table 1). Therefore, these 
three lines appeared to have been complemented by the 
integration of human cDNA(s). 
Identification of the Complementing 
Human cDNA Clone 
To isolate the human cDNA clone(s) responsible for XR-1 
complementation, we digested genomic DNA from 
PA1.17, PA1 ,111, and PA1 ,119 cells with Sfil, recircular- 
ized the DNA at a low DNA concentration, and transformed 
it into host bacteria to rescue individual sequences. By this 
method, we obtained 11-14 independent cDNA plasmids 
from each cell line, of which approximately 50% contained 
inserts in the correct transcriptional orientation to be ex- 
pressed from the vector promoter. We individually 
transfected 13 distinct cDNA clones with correctly oriented 
inserts into CR6 or XR-1 for transient recombination 
assays that used pJH200 as a substrate. One of these 
cDNA clones, designated ~734, reproducibly restored 
both the normal rate and fidelity of V(D)J recombination 
to CR6 and XR-1 (Table 1; data not shown). Notably, the 
~734 sequence was recovered from both PA1 ,111 and 
PA1 .17 and also was integrated into the PA1 ,119 genome 
(data not shown). Another manifestation of the XR-1 muta- 
tion is the severe impairment in coding join formation, as 
seen in transient recombination assays employing the 
pJH290 coding join substrate (Taccioli et al., 1993). When 
XR-1 cells were transfected with ~734 in such assays, they 
displayed a normal V(D)J recombination frequency (Table 
1). DNA sequencing analyses further revealed that the 
coding joins formed in c734-transfected XR-1 cells were 
normal (data not shown). As controls, we used the tran- 
sient V(D)J recombination assay to test the ability of a 
different rescued cDNA (c1931) to complement XR-1 cells, 
as well as the ability of the ~734 sequence to complement 
xrs-6 and V3 cells. In none of these experiments were 
the RS or coding join defects complemented (Table 1). 
Furthermore, ~734 did not enhance the V(D)J recombina- 
tion rate of pJH200 in wild-type CHO cells (Table 1). 
To confirm that ~734 expression could also confer to 
XR-1 the ability to rearrange normally an integrated V(D)J 
A 
Gamma Ray Dose (rad.3) 
B 
cell Line 
Figure 3. Rescue of X-Ray Sensitivity and DSBR by the XRCC4 Se- 
quence 
(A) The u-irradiation survival of Gl-synchronized CHO cells. 
CR6.mock.l and CRG.mock.2 are CRG-derived transfectants that con- 
tain pPGK-Puro and pRSVLTR-RAG2 but no ~734 DNA. Error bars 
represent standard deviation derived from duplicate experiments. 
(B) Percentage of DSBR after 4000 rads of u-rays and 2 hr of incubation 
at 37°C. Error bars indicate the standard deviation of triplicate experi- 
ments 
recombination substrate, we stably transfected CR6 with 
the c734cDNAclone, pPGK-Puro, and pRSVLTR-RAG2. 
All of six independent transfectants assayed showed 
readily detectable levels of normal inversional re- 
arrangements by Southern blotting (see Figure 1 D). These 
results indicate that the stable expression of ~734 in- 
creased the frequency of G 12 inversion in XR-1 transfec- 
tants by at least several orders of magnitude. Together, 
our results indicate that the expression of the ~734 clone 
has a specific complementing effect on the V(D)J recombi- 
nation defect of XR-1. 
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Correction of the X-Ray Sensitivity and DSBR 
Defects in XR-1 Cells 
A common gene has been suggested to complement both 
the DNA repair and V(D)J recombination defects of the 
XR-1 cell line. Therefore, we examined whether the ability 
of ~734 to correct the XR-1 V(D)J recombination defect 
was accompanied by a restoration of radioresistance in 
XR-1 cells. Two ~734 transfectants (CR6.734.2 and 
CR6.734.4 from Figure 1 D) and two mock transfectants 
(CR6.mock.l and CRG.mock.2) were subjected to X-irradi- 
ation survival tests. Since XR-1 cells show their X-ray sen- 
sitivity only in Gl and early S (Stamato et al., 1983) Gl 
phase cells were collected for the tests (see Experimental 
Procedures). The c734-transfected XR-1 cells, but not the 
mock transfectants, showed a significant correction of 
their radiosensitivity defect (Figure 3A). To confirm that 
the enhanced survival of ~734 transfectants was due to 
restored DSBR, we also performed pulsed field gel electro- 
phoresis-based DNA repair assays on these cell lines(see 
Experimental Procedures). These analyses demonstrated 
that ~734 transfectants had regained DSBR ability to levels 
that were more than 90% that of wild type (Figure 3B). 
Sequence of the ~734 cDNA Clone 
The insert of the ~734 cDNA clone is approximately 1.6 
kb (data not shown; GenBank accession number U40622). 
The sequence contains a single long open reading frame, 
initiating from a characteristic ATG (Kozak, 1987) that 
could encode a protein (termed Hu-XRCC4) of 334 amino 
acids with a molecular mass of 38 kDa (Figure 4). We used 
the ~734 human cDNA clone to isolate a corresponding 
full-length murine cDNA clone. The mouse cDNA se- 
quence also contains a single open reading frame that 
translates into a polypeptide of 326 amino acids (termed 
M-XRCC4), two residues shorter at the C-terminal end and 
six residues shorter at other dispersed positions than Hu- 
XRCC4 (Figure 4). The putative Hu- and M-XRCC4 pro- 
teins share 75% identity and 84% similarity and show no 
significant homology to any previously described proteins. 
Hu- and M-XRCC4 proteins are predicted to be highly 
hydrophilic. Residues 270-275 (RKRRQR, shadowed) of 
Hu-XRCC4 and the correspondingly conserved residues 
264-269 (RKRRHR)of M-XRCC4 may constitute a nuclear 
localization signal. There are a number of potential phos- 
phorylation sites throughout the protein including a poten- 
tial DNA-PK target site (S53; Anderson, 1993). There is 
also a notable cluster of conserved amino acids that are 
potential target sites for cytosolic protein tyrosine kinases 
(Y229) and casein kinases (S232, T233, and S237) (Song- 
yang et al., 1995; Z. Songyang and L. C. Cantley, personal 
communication). 
Nature of the XR-1 Mutation and Localization 
of the Hu-XRCC4 Gene 
To investigate potential alterations of the hamster XRCC4 
gene (Ha-XRCC4) in XR-1 cells, we used the ~734 insert 
to probe XR-1 and parental DNA in Southern blot analysis. 
We readily detected cross-hybridizing hamster sequences 
in 4364 (wild type) and xrs6 cells (Figure 5). However, 
no hybridization was detected to genomic DNA from the 
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Figure 4. The Human and Murine XRCC4 Gene Products 
Shown hereisthe alignmentofthehumanand mouseXRCC4proteins. 
The top amino acid sequence is that of human XRCC4 and the bottom 
one is that of mouse XRCC4. Homologies are indicated by dots. Poten- 
tial sites for phosphorylation that are mentioned in the text are under- 
lined and a putative nuclear localization sequence is shadowed. 
XR-1 line (as revealed by both EcoRl and Hindlll diges- 
tion), indicating that both alleles of Ha-XRCC4 are absent 
in XR-1. 
The XRCC4 locus was mapped to human chromosome 
5q13-14 (Otevrel and Stamato, 1995). To determine 
whether the putative Hu-XRCC4 sequence isolated by our 
complementation approach derives from this locus, the 
~734 sequence was used to probe Southern blotted Taql- 
digested DNA from a human-CHO hybrid cell line that 
-6 
-6 
N-myc 
-4 
-3 
I I I 
ECORI Hindlll 
Figure 5. Deletion of the XRCC4 Gene rn XR-1 Cells 
Genomic DNA from the indicated cell lines was digested with EcoRl or 
Hindlll and assayed by Southern blotting procedures for hybridization 
under low stringency to a human XRCC4 cDNA probe. 
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Figure 6. Chromosomal Localization of Human XRCC4 Gene 
(A) Genomic DNA from indicated cell lines (Lien et al., 1991) was 
digested with Taql and assayed by Southern blotting methods for hy- 
bridization to the human XRCC4 probe. Lane 1, human DNA; lane 2, 
DNA from a CHO-human hybrid cell line with a single human chromo- 
some 5 missing the region 5qll.2.13.3; lane 3, DNA from a CHO- 
human hybrid cell line with a normal human chromosome 5 as the 
sole human component. Arrow points to the endogenous hamster 
XRCC4 gene in the CHO-human hybrids. This blot was provided by 
Dr. L. Kunkel. 
(B) The schematic diagram of human chromosome 5 depicting the 
location of the XRCC4 gene (indicated by a bar) as concluded from 
Figure 6A. 
had chromosome 5 as the sole human component. Signifi- 
cantly, this DNA sample contained most of the hybridizing 
fragments found in total human DNA (Figure 6). The ap- 
proximately 30 kb Taql fragment (seen in lane 1 but not 
lane 3) is most likely due to polymorphism and has been 
observed in 40% of nearly 80 individuals (data not shown). 
In a human-CHO hybrid that contained all human chromo- 
some 5 sequences except for the 5qll.2-13.3 region, no 
hybridization to human-derived restriction fragments was 
observed (Figure 6). Therefore, the Hu-XRCC4 gene 
maps to human chromosome 5qll.2-13.3. 
Expression of the XRCC4 Gene 
We employed Northern blot analyses to assay total RNA 
from various tissues and cell lines for hybridization to a 
A%XRCC4 probe (Figure 7). We detected an approximately 
1.8 kbXRCC4hybridizing transcript in RNA from all mouse 
tissues examined, with the highest level in thymus (Figure 
7A). We also detected this transcript in a panel of fibro- 
blast, mature B, and A-MuLV-transformed pre-B cell lines, 
including those derived from Scid mice (Figure 76). 
M-XRCCL 
GAPDH 
Figure 7. Expression Pattern of the Murine XRCC4 Gene 
Transcripts of the mouse XRCC4 gene (approximately 1.8 kb) as de- 
tected in Northern blots with approximately 15 Kg of total RNA isolated 
from the indicated mouse tissues (A) and cell lines (B). The probes 
were fragments encompassing the 800 bp of the mouse XRCC4 cDNA 
coding region and the cDNA for GAPDH. SC2, SC3, SC7, SC1 1, SC24, 
and SC44, A-MuLV transformed pre-B cell lines from Scid mice (Ma- 
lynn et al., 1988); SCGRll, a Scid fibroblast cell line (Hendrickson et 
al., 1991); STO, mouse embryonic fibroblast cell line; 30019P, 3889, 
22D6, 10-24, and A20, A-MuLV transformed pre-B cell lines from nor- 
mal mice (Alt et al., 1981, 1982; Malynn et al., 1995); 6312, A-MuLV 
transformed pre-Bcell line from aRAGP-‘+mouse(Shinkai et al., 1992); 
Ml2 and WEHl231, mature B cell lines (Glimcher et al., 1982; Yanco- 
poulos et al., 1990b); PBOOl (i.e., MPCll). a mouse myoloma cell line 
(Yancopoulos et al., 1990b). 
Discussion 
XRCC4 Is a Novel Factor Involved in DSBH 
and V(D)J Recombination 
XRCC4 is the third identified gene whose product is in- 
volved in both V(D)J recombination and DSBR; those pre- 
viously identified encode components of DNA-PK includ- 
ing Ku80 (XRCCS) and DNA-PK,, (XRCC7) (reviewed by 
Taccioli and Alt, 1995). All of these genes are potential 
targets for mutations that lead to human autosomal Scid 
phenotypes, as indicated by the requirement for their nor- 
mal products in V(D)J recombination and the impairment 
of the DNA-PK,, gene in murine Scid. The nature of the 
mutations that alter Ku80 expression in xrs6 or DNA-PK,, 
expression in V3 or Scid has not been reported. However, 
we show that the XRCC4 mutation in XR-1 involves com- 
plete deletion of the gene. In this context, the human 
XRCC4 gene maps to 5q13, a region that contains novel 
repetitive sequences and is marked by frequent deletions, 
duplications, and gene conversions (Selig et al., 1995). 
Deletion of XRCC4 in XR-1 also indicates that lack of ex- 
pression of this gene is not cell lethal, at least in cultured 
somatic cells. 
Expression of the XRCC4 gene in XR-1 cells fully recon- 
stituted V(D)J recombination but only partially restored ra- 
dioresistance. A similar phenomenon was observed with 
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human DNA-PK,,-transfected V3 cells. This phenomenon 
suggests that both XRCC4 and DNA-PK, have nonredun- 
dant functions between V(D)J recombination and DSBR. 
The differential restoration of these activities further sug- 
gests that either the complementing human proteins were 
not expressed normally in the CHO mutants or that they 
may not effectively interact with certain hamster compo- 
nents. In the latter context, human Ku80 expression only 
partially restored V(D)J or DSBR defects of xrs-6 (Taccioli 
et al., 1994b; Smider et al., 1994), but expression of the 
hamster Ku80 gene led to essentially complete restoration 
(P. Jeggo, personal communication). It is also possible 
that XR-1 could be defective in an additional gene product 
specifically involved in radioresistance. 
XRCC4 and Ku80 are required for joining both coding 
and RS ends during V(D)J recombination, while DNA-PKs 
expression is required preferentially for joining coding ver- 
sus RS ends. As loss of Ku activity also results in loss of 
DNA-PK activity, it is possible that Ku may serve a dual 
role in V(D)J recombination, for example, providing end 
protection of both RS and coding joins and recruiting DNA- 
PK,, for coding end-specific events (Blunt et al., 1995). 
It is intriguing that XRCC4 has a potential DNA-PK phos- 
phorylation motif, raising the possibility that it might be 
directly regulated by this enzyme. However, any potential 
relationship between XRCC4 and DNA-PK components, 
either downstream or upstream, must account for the ob- 
servation that XRCC4 expression does not correct the 
xrs-6 or V3 defects and that expression of DNA-PK compo- 
nents does not correct the XR-1 defect (Taccioli et al., 
1994b; Blunt et al., 1995); in addition, XRCC4 transcripts 
are readily detectable in Scid fibroblast and precursor B 
cell lines. 
Implications of the XRCC4 Mutation for Cell Cycle 
Dependence of DSBR 
TheXffCC4 gene shows the same generalized expression 
pattern as DNA-PK components, consistent with its 
involvement in general DNA DSBR. However, XR-1 cells 
show a unique cell cycle dependence in their radiosensitiv- 
ity defect; they are sensitive in Gl and early S phases, 
but become nearly as resistant as wild-type cells in late 
S phase (Stamato et al., 1983, 1988; Giaccia et al., 1985). 
This biphasic sensitivity phenomenon was hypothesized 
to result either from differential regulation of XRCC4 during 
the sensitive versus resistant cell cycle phases or from 
the existence of an XRCC4-independent DSBR pathway 
that operates during S phase (for review see Jeggo, 1990). 
As the XRCC4 gene is deleted in XR-1, the resistance 
of this line to X-irradiation in late S phase supports the 
existence of XRCC4-dependent and XRCC4-independent 
DSBR pathways (both of which may employ DNA-PK com- 
ponents). The biphasic nature of XR-1 radiosensitivity dur- 
ing the cell cycle has been compared to that of haploid 
yeast cells, which probably repair DNA double-strand 
breaks during S phase by homologous recombination (Gi- 
accia et al., 1990). The XRCC4-independent repair path- 
way may also involve such a mechanism, although we 
cannot exclude other possibilities. For example, S phase 
DSBR may not require XRCC4 due to an inherently differ- 
ent chromosomal configuration caused by active DNA rep- 
lication. Finally, several lines of evidence suggest that 
V(D)J recombination occurs during the GO/G1 phase of 
the cell cycle (Schlissel et al., 1993; Lin and Desiderio, 
1994), in accord with the notion that theXRCC4-dependent 
DSBR pathway may be the predominant one employed to 
repair DNA double-strand breaks generated during V(D)J 
recombination. 
Implications of the XRCC4 Mutation 
for V(D)J Recombination 
Previous studies with extrachromosomal substrates dem- 
onstrated that both RS and coding join formation was af- 
fected in XR-1 cells (Taccioli et al., 1993; Pergola et al., 
1993). Here, we demonstrate that RAGl- and RAGP 
mediated initiation of V(D)J recombination events within 
chromosomally integrated substrates occurred at a rela- 
tively high frequency in XR-1 cells. The retention of intact 
coding or RS ends in many such rescued joins shows that 
V(D)J recombination was initiated correctly in XR-1. Thus, 
the lack of the XRCC4 protein in XR-1 cells does not mark- 
edly interfere with the initiation rate of V(D)J recombina- 
tion, but rather only affects ability to join liberated coding 
and RS ends. The frequent occurrence of hybrid joins (and 
attempted hybrid joins) instead of inversions in XR-1 cells 
is similar to what has been observed in Scid cells (Hen- 
drickson et al, 1990). Scid cells do perform inversions of 
chromosomal V(D)J segments at low frequency, and these 
inversions display normal RS joins with coding joins that 
range from relatively normal to highly deleted (Blackwell 
et al., 1989; Hendrickson et al., 1990; Ferrier et al., 1990). 
In contrast, the low frequency inversional rearrangements 
in XR-1 had apparently normal coding joins with imprecise 
RS joins, whose formation seems to have been mediated 
by short homology stretches. While homologies are fre- 
quently used to mediate normal coding joins (Gu et al., 
1990; Gerstein and Lieber, 1993), they normally are not 
employed in RS join formation. Homology-mediated join- 
ing is also a feature of DNA double-strand end joining 
during nonhomologous recombination in both prokaryotic 
and eukaryotic cells (for review see Roth and Wilson, 
1988). Thus, it seems likely that recovered RS joins in 
XR-1 cells have been formed by a pathway different from 
that normally involved in V(D)J recombination and one 
also not predominantly used in Scid cells. It is possible 
that such a homology-mediated RS end-joining pathway 
is present normally, but that it has not been observed be- 
cause of its low frequency relative to the standard 
pathway. 
Potential Functions of XRCC4 
All putative roles for XRCC4 must account for its require- 
ment for both RS and coding join formation during V(D)J 
recombination as well as its function in DSBR. As XRCC4 
is unrelated to any previously reported protein, its se- 
quence gives no clear clues as to its function. Like Ku80, 
XRCC4 might be involved in DNA end protection or in 
regulating expression of end-protecting elements. To 
date, XR-1 cells have not been found to have readily de- 
tectable end-binding defects (Getts and Stamato, 1994; 
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Rathmell and Chu, 1994b). Moreover, intact RS and cod- 
ing join ends were frequently observed in rescued sub- 
strates, suggesting that they were protected from degra- 
dation. It also is possible that XRCC4containsor regulates 
an enzymatic activity involved in modification or ligation 
of DNA ends. Thus, even though XR-1 cell extracts were 
shown to ligate plasmid DNA ends (Stamato and Hu, 
1987), the possibility of particular ligase defects remains. 
In this context, ligation activities that do not correspond 
to the known human DNA ligases have been revealed in 
DNA double-strand end-joining reactions (Derbyshire et 
al., 1994; Fairman et al., 1992). Yet another possibility is 
that XRCC4 participates in DNA anchorage, perhaps in 
aligning free DNA ends for joining (Malyapa et al., 1994; 
Lewis et al., 1988). The higher incidence of hybrid join 
formation than coding or RS join formation is consistent 
with such a defect in XR-1 cells. 
Experimental Procedures 
Cell Culture and Transfections 
XR-1, its wild-type counterpart 4364, xrs-6, CHO-Kl , and V3 cell lines 
were maintained in Dulbecco’s modified Eagle medium supplemented 
with 10% FCS. 0.1 mM MEM nonessential amino acids (GIBCO BRL) 
and penicillin (100 U/ml)/streptomycin (100 uglml) at 37°C in a humidi- 
fied atmosphere with 5% CO*. Transfections were done by a standard 
calcium phosphate precipitation method, as described by Promega 
(Protocols and Applications Guide, Second Edition). Stable transfec- 
tlons usually employed IO-20 ug of DNA, which included 1 ug of a 
vector encoding a drug resistance marker used to select transfectants. 
When cells were transfected with a human cDNA library (see below), 
glycerol shock was performed at 6 hr after addition of DNA-CaPO, 
mix (Promega, Protocols and Applications Guide, Second Edition). At 
16-24 hr after transfection, the cells were placed in fresh medium; 
after an additional 24 hr, cells were split 15 or 1:lO and selected for 
growth in medium containing the appropiate drug. For transfection of 
the G12 vector (Yancopoulos et al., 1990a), transfectants were se- 
lected in 2 mglml Geneticin (GIBCO BRL). For transfection with pSV2- 
His (Hartman and Mulligan, 1988) cells were selected in 8 mM L-his- 
tidinol (Sigma). For transfection with pPGK-Puro (provided by P. 
Laird), transfected cells were selected in 20 uglml of puromycin 
(Sigma). Selection for gpt+ cells was carried out in 20 pg/ml mycophe- 
nolic acid and 70 ug/ml xanthine (Sigma). 
Southern and Northern Gel Transfer Hybridization 
Southern and Northern blotting were performed as previously de- 
scribed (Sambrook et al., 1989). The DNA and RNA filters were hybrid- 
ized with random-primed 32P-labeled probes (Boehringer Mannheim). 
The neo probe was the 650 bp Pstl fragment from pKJ1 (Tybulewicz 
et al., 1991). The 1.7 Kb BamHI-Notl fragment of the ~734 cDNA clone 
was used for detecting the human and hamster XRCC4 genes. For 
detecting the hamster XRCC4 gene, hybridizations were done at 37OC 
instead of 42%, and the filters were washed at 45°C in 2 x SSC, 
0.1% SDS. DNA content of individual lanes was normalized by rehy- 
bridization of filters with a mouse N-myc cDNA probe (Zimmerman et 
al., 1986). For the Northern blot analyses, we employed two DNA 
fragments encompassing 800 bp of the murine XRCC4 cDNA coding 
region as a probe. RNA content of each lane was normalized by rehy- 
bridization of the filters with a glyceraldehyde-3-phosphate dehydroge- 
nase (GAPDH) probe. 
Recovery of G12 Recombination Constructs from Transfectants 
Genomic DNA (2-5 ug) from G12 transfectants was digested with Xbal 
(or in one case with Smal); the DNA was ethanol precipitated and 
recircularized in a volume of 400 ul with 800 U of T4 DNA ligase (New 
England Biolabs) at 16°C overnight. The circularized DNA was ethanol 
precipitated and resuspended in 9 ul of H20. a third of which was 
used to electroporate competent Escherichia co11 MC1061 cells. The 
transformed bacteria were plated under kanamycin for selecting neo 
expression in the G12 construct. Colonies were analyzed by plasmid 
minipreps and restriction analysis. Once a partial restriction map was 
obtained, appropiate primers were used to sequence junctional re- 
gions (United States Biochemicals). The primers were 5’ viral, TTT 
TGT GGC CCG ACC TGA GT; NC3’Vx TGA GCT GGA Al-f CTA 
GAG GTT T-f-f GTT CAG CCC; NCS’JK~, GGC ATG AAT TCT CCA 
GAG AAC ATG TC; SV40 ori, CGG AGA ATG GGC GGA ACT GG; 
neo. CAG TCA TAG CCG AAT AGC CTC TC. 
Transfection of a Human cDNA Expression Library 
and isolation of XRCC4 cDNA 
The PA1 cDNA expression library was constructed by inserting cDNA 
sequencesof the PA1 human teratocarcinomacell line into the pcDNAl 
vector (Invitrogen; Bierhuizen et al., 1993). Approximately 20 ug of 
library plasmid DNA, representing approximately 3 x IO5 cDNA colo- 
nies, was digested with Sfil (a unique site in the pcDNAl vector), ex- 
tracted with phenol-chloroform, and ethanol precipitated. The precipi- 
tated DNA was concatemerized in a volume of 300 ul with 90 U of T4 
DNA ligase (Promega) at 16°C overnight. Each concatemer on aver- 
age contained five or more cDNA plasmids. The ligation products were 
extracted by phenol-chloroform and ethanol precipitated. The precipi- 
tate was used for transfection together with the pRSVLTR-RAG2 and 
pPGK-Puro plasmids as described above. 
Potentially complemented transfectants (see Results) were grouped 
to avoid redundancy. For this purpose, we PCR-amplified genomic 
DNA from such transfectants with T7 and Sp6 primers, which flank 
the cDNA insert in the vector (Invitrogen); 35 cycles of amplification 
were performed with 100 ng of genomic DNA, 10 mM of each dNTP, 
50 ng of each primer, 1 U of Taq polymerase, in a volume of 50 pi 
(Perkrn Elmer). Denaturation was at 94°C for 1 min, annealing at 55% 
for 2 min and extension at 72OC for 3 min. The pattern of bands dis- 
played by agarose gel fractionation of individual reaction products was 
used to distinguish independent transfectants. Such PCR patterns 
indicated the transfectants usually have integrated at least lo-20 dis- 
tinct cDNA clones. 
To recover cDNA plasmids integrated into the genome of comple- 
mented cells, we first digested approximately 2 ug of genomic DNA 
with Sfil. The digested products were then recircularized essentially 
in the same way as we did for G12 rescue (see above). The ligated 
DNA was ethanol precipitated, resuspended in 9 ul of H20, a third 
of which was used to transform E. coli host MC10611P3. For each 
transformation, PCR was performed for 50 randomly picked colonies 
with T7 and Sp6 primers, and the PCR products were digested with 
Haelll (or Alul) and fractionated on 2% agarose gels. Minipreps were 
prepared from the bacterial transformants harboring plasmids with 
inserts that displayed unique Haelll (or Alul) pattern. These minipreps 
were subjected to DNA sequencing analysis with a T7 primer. Unique 
plasmids with inserts in correct transcriptional orientation for the CMV 
promoter were assayed for ability to complement XR-I via a transient 
V(D)J recombination assay. Following identification of the human 
XRCC4 cDNA by this procedure, its insert was used as a probe to 
screen a mouse thymic cDNA library &ZAP Strategene) at low hybrid- 
ization stringency, allowing identification of the murine XRCC4 cDNA 
clones. 
Transient V(D)J Recombination Assays 
These assays were performed with the pJH200 and pJH290 constructs 
(Hesse et al., 1987) as described by Taccioli et al. (1993). When cDNAs 
recovered from the cDNA library transfectants were introduced, 5 ug 
of each cDNA was included in the transfection procedure. 
X-Irradiation Survival and DSBR Assays 
X-ray survival tests and DNA DSBR assays were performed as pre- 
vrously described (Stamato et al., 1983; Giaccia et al., 1990). 
Acknowledgments 
We thank Drs. Louis Kunkel, Sarah Selig. Minoru Fukuda, Lewis Cant- 
ley, Ryushin Mizuta, and Barbara Malynn for providing reagents and 
advice. Thanks also go to Drs. Gary Rathbun and David Weaver for 
critical reading of the manuscript. This work was supported by the 
Howard Hughes Medical Institute and by National Institutes of Health 
Cell 
1068 
grants Al20047 and Al35714 to F. W. A. and CA58301 to T. D. S.; 
Y. G. is a fellow of the Damon Runyon-Walter Winchell Foundation. 
G. E. T. is a Special Fellow of the Leukemia Society of America. 
Received October 10, 1995; revised November 13, 1995 
References 
Alt, F.W., and Baltimore, D. (1982). Joining of immunoglobulin heavy 
chain gene segments: implications from a chromosome with evidence 
of three D-J” fusions. Proc. Natl. Acad. Sci. USA 79, 4118-4122. 
Alt, F.W., Rosenberg, N., Lewis, S., Thomas, E., and Baltimore, D. 
(1981). Organization and reorganization of immunoglobulin genes in 
A-MuLV-transformed cells: rearrangement of heavy but not light chain 
genes. Cell 27, 381-390. 
Alt, F.W., Rosenberg, N., Casanova, R., Thomas, E., and Baltimore, D. 
(1982). lmmunoglobulin heavy-chainexpressionand classswitching in 
a murine leukaemia cell line. Nature 296, 325-331. 
Alt, F.W., Oltz, E.M., Young, F., Gorman, J., Taccioli, G.. and Chen, 
J. (1992). VDJ recombination. Immunol. Today 73, 306-314. 
Anderson, C.W. (1993). DNA damage and the DNA-activated protein 
kinase. Trends Biochem. Sci. 18, 433-437. 
Biedermann, K.A., Sun, J.. Giaccia, A.J., Tosto, L.M., and Brown, 
J.M. (1991). scid mutation in mice confers hypersensitivity to ionizing 
radiation and a deficiency in DNA double-strand break repair. Proc. 
Natl. Acad. Sci. USA 88, 1394-1397. 
Bierhuizen, M.F.A., Mattei, M.M.-G., and Fukuda, M. (1993). Expres- 
sion of the development I antigen by a cloned human cDNA encoding 
a member of a 8-l ,6-N-acetylglucosaminyltransferase gene family. 
Genes Dev. 7. 468-478. 
Blackwell, T.K., Malynn, B.A., Pollock, R.R., Ferrier, P., Covey, L.R., 
Fulop, G.M., Phillips, R.A., Yancopoulos, G.D., and Alt, F.W. (1989). 
Isolation of scid pre-B cells that rearrange K light chain genes: forma- 
tion of normal signal and abnormal coding joins. EMBO J. 8, 735- 
742. 
Blunt, T., Finnie, N.J., Taccioli, G.E., Smith, G.C.M., Demengeot, J., 
Gottlieb, T.M., Mizuta, R., Varghese, A.J., Alt, F.W., Jeggo, P.A., and 
Jackson, S.P. (1995). Defective DNA-dependent protein kinaseactivity 
is linked to V(D)J recombination and DNA repair defects associated 
with the murine scid mutation. Cell 80, 813-823. 
Bosma, M.J., and Carroll, A.M. (1991). The Scid mouse mutant: defini- 
tion, characterization, and potential uses. Annu. Rev. Immunol. 9,323- 
350. 
Boubnov, N.V., Hall, K.T., Wills, Z., Lee, SE., He, D.M., Benjamin, 
D.M., Pulaski, C.R., Band, H.. Reeves, W.. Hendrickson, E.A., and 
Weaver, D.T. (1995). Complementation of the ionizing radiation sensi- 
tivity, DNA end binding and V(D)J recombination defects of double- 
strand break repair mutants by the p86 Ku autoantigen. Proc. Natl. 
Acad. Sci. USA 92, 890-894. 
Cai, Q.-Q., Plet. A., Imbert, J., Lafage-Pochitaloff, M., Cerdan, C., and 
Blanchard, J.-M. (1994). Chromosomal localization and expression of 
the genes coding for Ku p70 and p80 in human cell lines and normal 
tissues. Cytogenet. Cell. Genet. 65, 221-227. 
Derbyshire, M.K., Epstein, L.H., Young, C.S.H., Munz, P.L., and 
Fishel, R. (1994). Nonhomologous recombination in human cells. Mol. 
Cell. Biol. 74, 156-169. 
Fairman. M.P., Johnson, A.P., and Thacker, J. (1992). Multiple compo- 
nents are involved in the efficient joining of double-stranded DNA 
breaks in human cell extracts. Nucl. Acids Res. 20, 4145-4152. 
Ferrier, P., Covey, L.R., Li, SC., Suh, H., Malynn, B.A., Blackwell, 
T.K., Morrow, M.A., and Alt, F.W. (1990). Normal recombination sub- 
strate Vn to DJk rearrangements in pre-B cell lines from Scid mice. J. 
Exp. Med. 771, 1909-1918. 
Finnie, N.J., Gottlieb, T.M., Blunt, T., Jeggo, P., and Jackson, S.P. 
(1995). DNA-PK activity is absent in xrs-6 cells: implications for site- 
specific recombination and DNA double-strand break repair. Proc. 
Natl. Acad. Sci. USA 92, 320-324. 
Fulop, G.M., and Phillips, R.A. (1990). The scid mutation in mice 
causes a general defect in DNA repair. Science 347, 479-482. 
Gellert, M., and McBlane, J.F. (1995). Steps along the pathway of 
V(D)J recombination. Phil. Trans. Roy. Sot. (Lond.) B 347, 43-47. 
Gerstein, R.M., and Lieber, M.R. (1993). Extent to which homology 
can constrain coding exon junctional diversity in V(CJ)J recombination. 
Nature 363, 625-627. 
Getts, R.C., and Stamato, T.D. (1994). Absence of a Ku-like DNA end 
binding activity in the xrs double-strand DNA repair-deficient mutant. 
J. Biol. Chem. 269, 15981-15984. 
Giaccia,A., Weinstein, R., Hu, J.,and Stamato, T.D. (1985).Cellcycle- 
dependent repair of double-strand DNA breaks in a y-ray-sensitive 
Chinese hamster cell. Somat. Cell Mol. Genet. 7 7, 485-491. 
Giaccia, A.J., Denko, N., MacLaren, R., Mirman, D.. Waldren, C., Hart, 
I., and Stamato, T.D. (1990). Human chromosome 5 complements the 
DNA double-strand break-repair deficiency and y-ray sensitivity of the 
XR-1 hamster variant. Am. J. Hum. Genet. 47, 459-469. 
Gilfillan, S., Dierich, A., Lemeur, M., Benoist, C., and Mathis, D. (1993). 
Mice lacking TdT: mature animals with an immature lymphocyte reper- 
toire. Science 261, 1175-l 178. 
Glimcher, L.H., Hamano, T., Asofsky, R.. Heber-Matz, E., Schwartz, 
R.H., and Paul, W.E. (1982). I region-restricted antigen presentation 
by B cell-B lymphoma hybridomas. Nature 298, 283-286. 
Gottlieb, T.M., and Jackson, S.P. (1993). The DNA-dependent protein 
kinase: requirements for DNA ends and association with Ku antigen. 
Cell 72, 131-142. 
Gu, H., Forster, I., and Rajewsky, K. (1990). Sequence homologies, 
N sequence insertion and JH gene utilization in VHDJn joining: implica- 
tions for the joining mechanism and the ontogenetic timing of Lyl B 
cell and B-CLL progenitor generation. EMBO J. 9, 2133-2140. 
Hartman, SC., and Mulligan, R.C. (1988). Two dominant selectable 
markers for gene transfer studies in mammalian cells. Proc. Natl. Acad. 
Sci. USA 85, 8047-8051. 
Hendrickson, E.A., Schlissel, MS., and Weaver, D.T. (1990). Wild-type 
V(D)J recombination in scidpre-Bcells. Mol. Cell. Biol. 70,5397-5407. 
Hendrickson, E.A., Qin, X., Bump, E.A., Schatz, D.G.. Oettinger, M., 
and Weaver, D.T. (1991). A link between double-strand break-related 
repair and V(D)J recombination: the scid mutation. Proc. Natl. Acad. 
Sci. USA 88, 4061-4065. 
Hesse, J.E.. Lieber, M.R., Gellert, M., and Mizuuchi, K. (1987). Extra- 
chromosomal DNA substrates in pre-B cells undergo inversion or dele- 
tion at immunoglobulin V-(D)-J joining signals. Cell 49, 775-783. 
Jeggo, P.A. (1990). Studies on mammalian mutants defective in re- 
joining double-strand breaks in DNA. Mut. Res. 239, 1-16. 
Jeggo, P.A., and Kemp, L.M. (1983). X-ray-sensitive mutants of Chi- 
nese hamster ovary cell line: isolation and cross-sensitivity to other 
DNA damaging agents. Mut. Res. 172, 313-327. 
Jeggo, P.A.. Tesmer, J., and Chen, D.J. (1991). Genetic analysis of 
ionising radiation sensitive mutants of cultured mammalian cell lines. 
Mut. Res. 254, 125-133. 
Jeggo, P.A. Hafezparast, M.. Thompson, A.F., Broughton, B.C., Kaur, 
G. P., Zdsienicka, M.Z., and Athwal, R.S. (1992). Localization of a 
DNA repair gene (XRCCS) involved in double-strand break rejoining 
to human chromosome 2. Proc. Natl. Acad. Sci. USA 89,6423-6427. 
Jones, N.J., Cox, R., and Thacker, J. (1986). Six complementation 
groups for ionising-radiation sensitivity in Chinese hamster cells, Mut. 
Res. 793, 139-144. 
Kirchgessner, C.U., Patil, C.K., Evans, J.W., Cuomo, C.A., Fried, L.M., 
Carter, T., Oettinger, M.A.. and Brown, J.M. (1995). DNA-dependent 
kinase (~350) as a candidate gene for the murine SCID defect. Science 
267, 1178-1183. 
Komori, T., Okada, A., Stewart, V., and Alt, F.W. (1993). Lack of N 
regions in antigen receptor variable region genes of TdT-deficient lym- 
phocytes Science 267, 1171-1175. 
Kozak, M. (1987). An analysis of 5’noncoding sequences from 699 
vertebrate messenger RNAs. Nucl. Acids Res. 75, 6125-8148. 
Lafaille, J.J., DeCloux, A., Bonneville, M., Takagaki, Y., and Toneg- 
awa, S. (1989). Junctional sequences of T cell receptor yS genes: 
implications for y6 T cell lineages and for a novel intermediate of 
Isolation of the XRCC4 Gene 
1089 
V-(D)-J joining. Cell 59, 859-870. 
Lansford, R.. Okada, A., Chen, J., Oltz, EM., Blackwell, T.K., Alt, 
F.W., and Rathbun, G. (1995). Mechanism and control of immunoglob- 
ulin gene rearrangement. In Molecular Immunology, Second Edition, 
B.D. Hames, ed. (Oxford: IRL Press), in press. 
Lewis, S.M., Hesse, J.E., Mizuuchi, L., and Gellert, M. (1988). Novel 
strand exchanges in V(D)J recombination. Cell 55, 1099-l 107. 
Lien, L.L., Boyce, F.M., Kleyn, P.. Brzustowicz, L.M., Menninger, J.M., 
Ward, D.C.,Gilliam,T.C., and Kunkel, L.M.(1991). Mappingof human 
microtubule-associated protein 1 B in proximity to the spinal muscular 
atrophy locus at 5q13. Proc. Natl. Acad. Sci. USA 88, 7873-7876. 
Lin, W., and Desiderio, S. (1994). Cell cycle regulation of V(D)J recom- 
bination-activating protein RAG-2. Proc. Natl. Acad. Sci. USA 91, 
2733-2737. 
Malyapa, R.S., Wright, W.D.. and Roti, J.L.R. (1994). Radiation sense- 
tivity correlates with changes in DNA supercoiling and nucleoid protein 
content in cells of three Chinese hamster cell lines. Radiat. Res. 140, 
312-320. 
Malynn, B.A., Blackwell, T.K., Fulop, G.M., Rathbun, G.A., Furley, 
A.J.W., Ferrier, P., Heinke, L.B., Phillips, R.A., Yancopoulos, G.D., 
and Alt, F.W. (1988). The sciddefect affects the final step of the immu- 
noglobulin VDJ recombination mechanism. Cell 54, 453-460. 
Malynn, B.A., Demengeot, J., Stewart, V., Charron, J., and Alt, F.W. 
(1995). Generation of normal lymphocytes derived from N-myc- 
deficient embryonic stem cells. Int. Immunol. 7, 1637-1647. 
Miller, R.D., Hogg, J., Ozaki, J.H., Gell, D., Jackson, S.P., and Riblet, 
R. (1995). Gene for the catalytic subunit of mouse DNA-dependent 
protein kinase maps to the scid locus. Proc. Natl. Acad. Sci. USA 92, 
in press. 
Mombaerts, P., lacomini, J., Johnson, R.S., Herrup, K., Tonegawa, 
S., and Papaionnou, V.E. (1992). RAG-1 deficient mice have no mature 
B and T lymphocytes. Cell 68, 869-877. 
Morzycka-Wroblewska, E., Lee, F.E.H., and Desiderio, S.V. (1988). 
Unusual immunoglobulin gene rearrangement leads to replacement 
of recombinational signal sequences. Science 242, 261-263. 
Oettinger, M.A., Schatz, D.G., Gorka, C., and Baltimore, D. (1990). 
RAG-1 and RAG-2, adjacent genes that synergistically activate V(D)J 
recombination. Science 24, 1517-1522. 
Otevrel, T., and Stamato, T.D. (1995). Regional localization of the 
XRCC4 human radiation repair gene. Genomics 27, 211-214. 
Pergola, F., Zdzienicka, M.Z., and Lieber, M.R. (1993). V(D)J recombi- 
nation in mammalian cell mutants defective in DNA double-strand 
break repair. Mol. Cell. Biol. 73, 3464-3471. 
Peterson, S.R., Kurimasa. A., Oshimura, M., Dynan, W.S., Bradbury, 
E.M., and Chen, D.J. (1995). Loss of the catalytic subunit of the DNA- 
dependent protein kinase in DNA double-strand-break-repair mutant 
mammalian cells. Proc. Natl. Acad. Sci. USA 92, 3171-3174. 
Rathmell, W.K., and Chu, G. (1994a). Involvement of the Ku autoanti- 
gen in the cellular response to DNA double-strand breaks. Proc. Natl. 
Acad. Sci. USA 97, 7623-7627. 
Rathmell, W.K., and Chu, G. (1994b). A DNA end-binding factor in- 
volved in double-strand break repair and V(D)J recombination. Mol. 
Cell. Biol. 74, 4741-4748. 
Roth, D., and Wilson, J. (1988). Illegitimate recombination in mamma- 
lian cells. In Genetic Recombination, R. Kucherlapati and G.R. Smith, 
eds. (Washington, D.C.: American Society for Microbiology), pp. 621- 
653. 
Roth, D.B., Nakajima, P.B.. Menetski, J.P., Bosma, M.J., and Gellert, 
M. (1992a). V(D)J recombination in mouse thymocytes: double-strand 
breaks near T cell receptor 6 rearrangement signals. Cell 69, 41-53. 
Roth, D.B., Menetski, J.P., Nakajima, P.B., Bosma. M.J., and Gellert, 
M. (1992b). V(D)J recombination: broken DNA molecules with cova- 
lently sealed (hairpin) coding ends in scid mouse thymocytes. Cell 70, 
983-991. 
Sambrook, J., Fritsch E.F., and Maniatis, T. (1989). Molecular Cloning: 
A Laboratory Manual, Second Edition (Cold Spring Harbor, New York: 
Cold Spring Harbor Laboratory Press). 
Schatz, D.G., Oettinger, M.A., and Baltimore, D. (1989). The V(D)J 
recombination activating gene, RAG-I. Cell 59, 1035-1048. 
Schlissel, M., Constantinescu, A., Morrow, T., Baxter, M., and Peng, 
A. (1993). Double-strand signal sequence breaks in V(D)J recombina- 
tion are blunt, 5’.phosphorylated, RAG-dependent, and cell cycle regu- 
lated. Genes Dev. 7, 2520-2532. 
Sehg, S., Bruno, S., Scharf, J.M., Wang, C.H., Vitale, E., Gilliam, T.C.. 
and Kunkel, L.M. (1995). Expressed cadherin pseudogenes are local- 
rzed to the critical region of the spinal muscular atrophy gene. Proc. 
Natl. Acad. Sci. USA 92, 3702-3706. 
Shinkai, Y., Rathbun, G., Lam, K.-P., Oltz, E.M., Stewart, V., Mendel- 
sohn, M., Charron, J., Datta, M., Young, F.. Stall, A.M., and Alt, F.W. 
(1992). RAG-2-deficient mice lack mature lymphocytes owing to rnabil- 
ity to initiate V(D)J rearrangement. Cell 68, 855-867. 
Smider, V., Rathmell, W.K., Lieber, M.R., andChu, G. (1994). Restora- 
tion of X-ray resistance and V(D)J recombination in mutant cells by 
Ku cDNA. Science 266, 288-291. 
Songyang, Z., Carraway, K.L., Eck, M.J., Harrison, S.C., Feldman, 
R.A., Mohammadi, M., Schlessinger, J., Hubbard, S.R., Smith, D.P., 
Eng, C., Lorenzo, M.J., Ponder, B.A., Mayer, B.J., and Cantley, L.C. 
(1995). Catalytic specificity of protein-tyrosine kinases is critical for 
selective signalling. Nature 373, 536-539. 
Stamato, T.D., and Hu, J. (1987). Normal DNA ltgase activity rn a 
y-ray-sensitive Chinese hamster mutant. Mut. Res. 183, 61-67 
Stamato, T.D., Weinstein, R., Giaccia, A., and Mackenzie, L. (1983). 
Isolation of Cell cycle-dependent y-ray-sensitive Chinese hamster 
ovary cell. Somat. Cell Mol. Genet. 9, 165-173. 
Stamato, T.D., Dipatri, A., and Giaccia, A. (1988). Cell-cycle- 
dependent repair of potentially lethal damage in the XR-1 y-ray- 
sensitive Chinese hamster ovary cell. Radiat. Res. 775, 325-333. 
Taccioli, G.E., and Alt, F.W. (1995). Potential targets for autosomal 
SCID mutations. Curr. Opin. Immunol. 7, 436-440. 
Taccioli, G.E., Rathbun, G., Oltz, E., Stamato, T., Jeggo, P.A., and 
Alt, F.W. (1993). Impairment of V(D)J recombination in double-strand 
break repair mutants. Science 260, 207-210. 
Taccioli. G.E., Cheng, H., Varghese, A.J., Whitmore, G., and Alt, F.W. 
(1994a). A DNA repair defect in Chinese hamster ovary cells affects 
V(D)J recombination similarly to the murine scid mutation. J. Biol. 
Chem. 269, l-4. 
Tacciok, G.E., Gottlieb, T.M., Blunt, T., Priestley, A., Demengeot, J.. 
Mizuta. R., Lehmann, A.R., Alt, F.W., Jackson, S.P., and Jeggo, P. A. 
(1994b). Ku80: product of the XRCC5 gene and its role in DNA repair 
and V(D)J recombination. Science 265, 1442-1445. 
Tybulewicz, V.L.J., Crawford, C.E., Jackson, P.K., Bronson, R.T., and 
Mulligan, R.C. (1991). Neonatal lethality and lymphopenia in mice wrth 
a homozygous drsruption of the c-abl proto-oncogene. Cell 65, 1153- 
1163. 
VanGent, D.C., McBlane, J.F., Ramsden, D.A.,Sadofsky, M.J., Hesse. 
J.E., and Gellert, M. (1995). V(D)J cleavage in a cell-free system. Cell 
87, 925-934. 
Whitmore, G.F., Varghese, A.J., and Gulyas, S. (1989). Cell cycle 
responses of two X-ray sensitive mutants defective in DNA repair. Int. 
J. Radiat. Biol. 56, 657-665. 
Yancopoulos, G.D., Nolan, G.P., Pollock, R., Prockop, S., Li, S.C., 
Herzenberg, L.A., and Alt, F.W. (1990a). A novel fluorescence-based 
System for assaying separating live cells according to VDJ recombi- 
nase activity. Mol. Cell. Biol. 70, 1697-1704. 
Yancopoulos, G.D.. Oltz, E.M., Rathbun, G., Berman, J.E., Smith, 
R.K., Lansford, R.D.. Rothman, P., Okada. A., Lee, G., Morrow, M., 
Kaplan, K., Prockop, S, and Alt, F.W. (1990b). Isolation of coordinately 
regulated genes that are expressed in discrete stages of B-cell devel- 
opment. Proc. Natl. Acad. Sci. USA 87, 5759-5763. 
Zhu, C.. and Roth, D.B. (1995). Characterization of codrng ends in 
thymocytes of scid mice: implications for the mechamsm of V(D)J re- 
combination. Immunity 2, 101-112. 
Zimmerman, K.A.. Yancopoulos, G.D., Collum, R.G., Smith, R.K.. 
Kohl, N.E., Denis, K.A., Nau, M.M., Witte, O.N.. Toran-Allerand, D., 
Gee, C.E., Minna, J.D., and Alt, F.W. (1986). Differential expression 
of myc family genes during murine development. Nature 379, 780- 
783. 
